T regulatory (Treg) cells are implicated in maternal immune tolerance of the conceptus at implantation; however, the antigenic and regulatory signals controlling Treg cells in early pregnancy are undefined. To examine the role of male seminal fluid in tolerance induction, the effect of exposure to seminal fluid at mating on responsiveness to paternal alloantigens was examined using paternal tumor cell grafts and by delayed-type hypersensitivity (DTH) challenge on Day 3.5 postcoitum. Exposure to seminal fluid inhibited rejection of paternal tumor cells, independently of fertilization and embryo development, while seminal fluid from major histocompatability complex (MHC)-dissimilar males was less effective. Similarly, mating with intact males suppressed the DTH response to paternal alloantigens in an MHC-specific fashion. Excision of the seminal vesicle glands diminished the tolerance-inducing activity of seminal fluid. Mating with intact males caused an increase in CD4 þ CD25 þ cells expressing FOXP3 in the para-aortic lymph nodes draining the uterus, beyond the estrus-associated peak in cycling mice. The increase in CD4 þ
INTRODUCTION
Survival of the semiallogeneic fetus in pregnancy depends on adaptations in both the innate and adaptive immune compartments [1, 2] . A transient state of peripheral immune tolerance is one key mechanism, since the maternal immune system is not ignorant of paternal major histocompatability complex (MHC) and other conceptus antigens [3] [4] [5] . This tolerance is mediated, at least in part, by regulatory T (Treg) cells [6] , a unique subpopulation of T cells that are potent suppressors of the generation and effector function of type 1 (cell-mediated) immune responses. Treg cells comprise 5%-10% of CD4 þ T cells in rodents [7, 8] , and are identified on the basis of their constitutive expression of the interleukin 2 receptor, CD25 [9] , and the transcription factor, FOXP3 [10] .
Treg cells generated in peripheral tissues require antigendriven activation and proliferation to mediate their full suppressive function [11, 12] . The events associated with activation and expansion of the Treg cell pool during early pregnancy are not defined, and the nature and origin of the eliciting antigens are unclear [12] . In mice, there is some evidence that paternal alloantigens associated with the gestational tissues serve in this role, acting together with antigen-nonspecific hormonal factors to facilitate expansion of Treg cell populations [13] . Several studies in T-cell receptortransgenic systems specific for paternal H-Y antigen [4] , paternal MHC class I [5] , or employing chicken egg ovalbumin (OVA) as a model paternal antigen [14] infer that T-cell activation and proliferation occurs in response to antigens shed by fetal or placental trophoblast cells, and cross-presentation by maternal dendritic cells may be involved [14] . However, this is not reconciled with studies showing that mice expressing transgenic T-cell receptors reactive with paternal MHC exhibit functional tolerance and show evidence of T cell anergy even prior to embryo implantation [3] . The increase in Treg cells that occurs in early pregnancy can partly be attributed to elevated estrogen associated with ovulation [15] , but this is not a complete explanation, since there is evidence of antigen specificity in the Treg cell response even at this early time point [16, 17] .
Female reproductive tissues are first exposed to paternal antigens during transmission of seminal fluid to the female reproductive tract at mating [18] . This raises the questions of whether the female immune response can recognize and respond to male antigens in seminal fluid, and whether mating constitutes an opportunity for initial activation of the maternal immune response. The kinetics of expansion in CD4 þ CD25
þ Treg cell populations within days after mating [6] , and the necessity for Treg cell function prior to embryo implantation [19] , suggests that expansion of the Treg cell pool occurs independently of the products of conception, and is, instead, consistent with a role for seminal fluid. This study aimed to determine whether seminal fluid has a role in activating Treg cell populations and eliciting functional immune tolerance to male alloantigens at the time of embryo implantation. A paternal tumor graft model and a delayed-type hypersensitivity (DTH) assay were utilized to investigate the significance of the seminal plasma and sperm components of seminal fluid, and male partner MHC status, in eliciting a functional tolerogenic response. The effect of seminal fluid on populations of CD4 þ
CD25
þ Treg cells in lymph nodes (LNs) draining the uterus and systemically was examined by flow cytometry. Our findings show that both the sperm and seminal plasma components of seminal fluid act in concert to induce a state of functional tolerance acting to suppress the type-1 immune response to male alloantigens, and this is associated with expansion of the CD4 þ
þ Treg cell pool beyond the estrogen-regulated increase at ovulation. We conclude that male seminal fluid contributes to the events through which maternal immune tolerance is established at the outset of pregnancy. Some females underwent surgery 2-4 wk prior to mating to ligate the oviductal-uterine junction after flurothane anesthesia. Vasectomized and seminal vesicle-excised (SVX) male mice were prepared surgically, as previously described [20] , and were allowed 2 wk to recover, then proven capable of mating by caging with females and detection of vaginal plugs and sperm deposition, respectively, prior to experimental use. For matings, one to three adult (8-12 wk) intact or uterine-ligated female mice were caged with intact, vasectomized, or SVX stud males and checked daily for vaginal plugs. For female mice caged with SVX males, vaginal smears were taken each morning and examined for the presence of sperm. The day of detection of a vaginal plug or sperm-positive smear was designated Day 0.5 postcoitum (pc). Mated females were removed from males and housed in groups of one to three females per cage.
MATERIALS AND METHODS

Mice and Surgical Treatments
Tumor Cell Lines and Tumor Challenge Experiments
Tumor challenge experiments utilized JR-5 fibrosarcoma cells or Lewis lung tumor (LLT) cells, both provided by Drs. Lindsay Dent and John FinlayJones (Flinders University, Adelaide, SA, Australia). JR-5 tumors were originally induced by subcutaneous inoculation of 3-methylcholanthrene into male BALB/c mice [21] , and LLT cells arose spontaneously as a carcinoma of the lung in a B6 mouse [22] . Tumors were propagated by serial passage in BALB/c and B6 mice, respectively, with culture for one to three passages in vitro prior to experimental use. For in vitro culture, both JR-5 and LLT cells were cultured in RPMI-1640 containing 10% fetal calf serum (FCS) and antibiotics (RPMI-FCS) at 378C in 5% CO 2 , and were harvested using EDTA (20 mM in PBS for 10 min at 378C). Expression of MHC class I antigens was confirmed by flow cytometric analysis in cultured cells, or cells recovered from solid tumors excised from mice and mechanically disaggregated with the aid of fine scissors and a manually operated glass homogenizer.
For tumor challenge experiments, adult, virgin intact or uterine-ligated BALB.K or B10 mice at estrus or at Day 3.5 pc after mating with intact, vasectomized, or SVX BALB/c, B6, or CBA 3 B6 F1 males were administered 1 3 10 5 JR-5 cells or 5 3 10 5 LLT cells in 50 ll PBS by s.c. injection into the right ventral flank. Mice were killed by cervical dislocation 13 days later (Day 16.5 pc), and tumor growth was quantified by making two measurements each of the length and width of tumors using digital calipers (Mitutoyo Corp., Kawasaki, Japan), and calculating the average diameter as the mean of these four readings. The incidence of pregnancy was noted, and late gestation pregnancy parameters were measured by excision of the intact uterus and counting total, viable, and resorbing implantation sites.
DTH Experiments
Adult virgin BALB.K mice were evaluated to determine the stage of estrous cycle by phase-contrast examination of vaginal smears prepared at 0900-1000 h. Four sequential stages of the cycle were identifiable on the basis of the cellular composition of the smear: proestrus (.50% intact, live epithelial cells); estrus (100% cornified epithelial cells); metestrus (;50% leukocytes and ;50% cornified epithelial cells); or diestrus (.70% leukocytes 6 cornified or intact epithelial cells). Mice in diestrus were primed by administration of 1 3 10 7 BALB/c spleen cells s.c. into both the left and right dorsal flank at 1200-1400 h (Day 0). Prior to injection, spleen cells were incubated with mitomycin C (0.5 mg/ml; Sigma-Aldrich) for 20 min at 378C, then washed three times in Hanks Balanced Salt Solution (HBSS). On the afternoon of the next day, immunized females were placed with either BALB/c males or BALB.K males. Mice that mated on the first, second, or third night (identified by detection of a vaginal plug on the mornings of Days 2-4) were included in the experiment. On Day 3.5 pc (Days 6-8 after priming), or on Day 7 after priming (unmated virgin controls), all mice were challenged by injection of the left footpad with 1 3 10 7 mitomycin C-treated BALB/c spleen cells in 25 ll HBSS. The right footpad was injected with 25 ll HBSS. Immediately prior to challenge and 24 h after challenge, footpad thickness was measured as the average of five replicate readings made using a constant pressure caliper (Mitutoyo Corp.). The DTH response was calculated as the difference in microns between the left and right footpad thickness values.
Flow Cytometry
Adult virgin B6 mice at defined stages of the estrous cycle (as described above) or Day 3.5 pc after mating with intact, vasectomized, or SVX BALB/c males, were administered 2% Avertin anesthesia (2% 2.2.2-tribromomethanol; Sigma-Aldrich), and blood was collected by cardiac puncture and diluted 1:2 in PBS containing heparin (Sigma-Aldrich). Peripheral blood mononuclear cells were collected after centrifugation over Lympholyte (Cedarlane, Hornby, Canada) according to the manufacturer's instructions. Single-cell suspensions were prepared from excised para-aortic (ileac) LNs, mesenteric LNs, and the spleen by mechanical dispersion between glass microscope slides. Cells were washed in RPMI-FCS and resuspended in 0.1% FCS/PBS (fluorescenceactivated cell sorting [FACS] buffer) at 10 7 cells/ml. Aliquots of 10 6 cells were incubated with anti-Fc-cIIR antibody (BD Pharmingen, BD Biosciences, San Diego, CA) to block nonspecific binding (15 min/48C) prior to incubation with PE anti-CD3 (145-2C11), allophycocyanin anti-CD4 (L3T4), and biotin anti-CD25 (7D5) (all from BD Pharmingen) for 30 min at 48C. Cells were washed in FACS buffer and incubated with PE-Cy5 streptavidin (BD Pharmingen) for 30 min at 48C. After further washing in FACS buffer, the cells were resuspended in 300 ll FACS buffer and analyzed using a FACS Canto with FACS Diva software (both from BD Biosciences). CD4 þ CD25 þ cells were quantified as a percent of total CD4 þ cells after gating on the CD3 þ T-lymphocyte population and excluding debris and dead cells. The absolute number of CD4 þ CD25 þ cells in para-aortic LN was calculated as follows:
, where total cell number is mean values from identical treatment groups in our previous study [23] .
To evaluate FOXP3 expression, para-aortic LN cells prepared as above were incubated with Fc Block (BD Pharmingen) to block CD16/CD32 receptors, and then incubated with fluorescein isothiocyanate (FITC) anti-CD3 (17A2), PE anti-CD4 (RM4-5) (both from BD Pharmingen), and PE-Cy7 anti CD25 (PC61; eBiosciences). Cells were subsequently fixed and permeabilized using a FOXP3 staining buffer set (eBiosciences) according to the manufacturer's instructions. Following further treatment with Fc Block, cells were incubated with allophycocyanin anti-FOXP3 antibody (FJK-16s; eBiosciences), then analyzed using a BD FACS Canto with FACS Diva software. FOXP3 þ cells were quantified as a percent of total CD4
À cells after gating on the CD3 þ T-lymphocyte population and excluding debris and dead cells. Epitope mapping shows FJK-16s reactivity with amino acids 75-125 of the mouse FOXP3 protein (manufacturer's product notes), and specificity for FOXP3 is further demonstrated by the absence of FJK-16s staining in mice with a null mutation in the Foxp3 gene [24] .
For quantification of MHC class I expression, JR-5 or LLT cells were incubated with monoclonal antibody anti-H-2K b (HB176; American Type Culture Collection, Manassas, VA), followed by FITC goat anti-rat (Dako, Glostrup, Denmark), or FITC anti-H-2K d (SF1-1.1; BD Pharmingen), and analyzed using a FACScan with CellQuest software (Becton Dickinson) using forward and side scatter to exclude debris and dead cells.
Statistical Analysis
All data were analyzed using SPSS version 13 (SPSS, Chicago, IL). Categorical data (proportion of mice with tumors) were compared by chi-square test. ANOVA and independent samples t-test were used to compare differences between treatment groups in tumor size, footpad thickness, and cell numbers. The relationship between tumor size and number of viable implantation sites was assessed using Pearson two-tailed bivariate correlation analysis. Statistical SEMINAL FLUID REGULATION OF Treg CELLS significance in differences between groups or correlation was concluded when P , 0.05.
RESULTS
Seminal Fluid Induces Tolerance to Male Partner MHC Antigens
Initially, we investigated whether seminal fluid exposure at mating can induce functional tolerance to paternal alloantigens. A model system was established employing congenic mice in the BALB series, which differ at only the MHC gene locus. In another group of BALB.K females, the uterus was ligated at the oviductal junction 2 wk prior to mating in order to prevent conception and embryo formation, while allowing seminal fluid access to the uterine cavity. When uterine-ligated BALB.K females were mated with BALB/c males and challenged with JR-5 cells on Day 3.5 pc, tumor cell rejection was inhibited (27/38, 71% tumor growth). The proportion of mated uterine-ligated BALB.K mice that developed tumors, as well as the size of tumors, were similar to mated intact BALB.K females (Fig. 1) . This shows that tolerance to paternal tumor challenge is induced by seminal fluid at mating, and that neither conception nor the presence of embryos is necessary.
The effect of male partner strain on seminal fluid induction of tolerance to tumor cell challenge was examined next. Compared with BALB.K females mated with BALB/c males, tolerance to JR-5 tumor cell grafts occurred less frequently in BALB.K females mated with CBB6F1 (H-2 b/k ) males (11/26, 42%; P ¼ 0.031), or BALB.K females mated with BALB.K males (4/16, 25%; P ¼ 0.003) (Fig. 1) . This indicates that development of tolerance after seminal fluid exposure is maximized when the male partner is of the same genotype as the tumor cell graft, and implicates male MHC antigens in tolerance activation.
A second congenic model was evaluated in order to ensure that the tolerance-inducing effect of seminal fluid was not limited to BALB.K mice. Intact or uterine-ligated B10 (H-2 d ) females were mated with intact B6 (H-2 k ) or B10 males, and challenged with B6 LLT cells on Day 3.5 pc. LLT cells formed solid tumors with linear growth kinetics over a 2-wk period, and showed poor metastatic potential and stable expression of MHC class I (data not shown). While virgin B10 mice all rejected LLT tumor cells (0/9, 0% tumor growth), rejection was inhibited in the majority of B10 females after mating with intact B6 males (6/10, 60% tumor growth) (Fig. 2) . In B10 uterine-ligated females mated with B6 males, tumor cell graft rejection was also inhibited (10/10, 100% tumor growth; P , 0.001 compared with virgin B10.BR mice) (Fig. 2) . Compared with B10 females mated with B6 males, tolerance to LLT challenge occurred less frequently in both intact B10 females mated with B10 males (1/10, 10%; P ¼ 0.028), and in uterineligated B10 females mated with B10 males (1/10, 10%; P , 0.001) (Fig. 2) . This indicates that, in B10 mice, as in BALB.K mice, exposure to seminal fluid is sufficient to induce tolerance to tumor cell grafts in a partner MHC-specific manner.
Seminal Plasma Is Required for Activation of Tolerance at Mating
The requirement for the sperm and seminal plasma components of seminal fluid to induce tolerance to tumor cell grafts was examined next, utilizing both vasectomized males, and males from which the seminal vesicle glands were surgically excised (SVX males) to remove the majority of the seminal plasma from the ejaculate. Compared with BALB.K females mated with intact BALB/c males, tolerance to JR-5 challenge occurred less frequently in BALB.K females mated with SVX BALB/c males (8/21, 38%; P ¼ 0.026), but was unchanged in BALB.K females mated with vasectomized BALB/c males (18/28, 64%) (Fig. 1) . This shows that tolerance to tumor cell grafts after mating can occur without transmission of sperm, but that factors of seminal vesicle origin in the seminal plasma are essential for induction of tolerance. (Fig. 3) . In contrast, no reduction in DTH response was observed when immunized BALB.K females were mated with BALB.K males, or with vasectomized or SVX BALB/c males. These data show that natural insemination can inhibit the type I immune response to paternal MHC antigens. The effect is dependent on mating with a male of the same MHC haplotype as the immunizing MHC antigen, and appears to require both the seminal plasma and sperm fractions of the ejaculate.
Exposure to Seminal Fluid at Mating Causes Expansion
To investigate whether the immune tolerance induced by seminal fluid exposure is potentially mediated by Treg cells,
þ CD25 þ cells were analyzed by flow cytometry in paraaortic LN, mesenteric LN, peripheral blood, and spleens recovered from B6 mice on Day 3.5 pc after mating with intact, vasectomized, or SVX BALB/c males. For comparison, CD4
þ CD25 þ cells were also analyzed in tissues recovered from virgin mice at defined phases of the estrous cycle (Fig. 4,  A and B) .
Clear effects of the phase of estrous cycle on CD4 þ CD25 þ cells in LNs, spleen, and blood were observed. In the paraaortic LNs, which drain the uterus, the CD4 þ CD25 þ fraction (expressed as percent CD4 þ cells) was significantly higher at the estrous stage (the time of ovulation and receptivity to mating) than at either the diestrous or proestrous stages of the cycle (P , 0.001 and P ¼ 0.001, respectively) (Fig. 5A) . In mesenteric LN, mice had fewer CD4 þ CD24 þ cells at diestrus than at estrus (P ¼ 0.006) (Fig. 5C ). Similar fluctuations were seen in spleen and blood, but the variation between mice was higher in these compartments, and statistically significant differences were not observed (Fig. 5, B and D) .
Mating with intact males elicited a further 44% increase in CD4 þ CD25 þ cells (expressed as percent CD4 þ cells) by Day 3.5 pc in para-aortic LNs compared with estrous mice (P ¼ 0.013) (Fig. 5A ). In contrast, there was no increase in females mated with vasectomized or SVX males, where CD4 þ CD25 þ cells were fewer than in females mated with intact males (both P , 0.001) (Fig. 5A) , and, in the case of females mated with vasectomized males, less than in estrous females (P ¼ 0.002). This shows that seminal plasma and sperm components of the seminal fluid are required to elicit the postmating increase in CD4 þ CD25 þ cells in para-aortic LN. In the mesenteric LN, no significant increase was seen in mice mated with intact males compared with estrous mice, but fewer CD4 þ CD24 þ cells were present after mating with vasectomized or SVX males compared with intact males (P , 0.001 and P ¼ 0.001, respectively), and, in both cases, values were less than in estrous females (P , 0.001 and P ¼ 0.009, respectively) (Fig. 5C) . A similar effect was evident in the spleen, where fewer CD4
þ cells were present after mating with vasectomized or SVX males compared with intact males (P ¼ 0.051 and P ¼ 0.043, respectively) (Fig. 5B) . No significant effect of mating or seminal fluid composition on CD4 þ CD24 þ cell number in the blood was apparent (Fig. 5D ). The Treg surface marker CD25 is also expressed by activated CD4 þ effector cells, and T-cell activation is a characteristic of early pregnancy [23] . To confirm that the increase in CD4 þ CD25 þ cells in the para-aortic LN reflects an increase in Treg cells, a different antibody cocktail was utilized to detect the Treg-specific marker FOXP3 in CD4 þ CD25 þ cells from para-aortic LN of estrous mice and Day 3.5 pc females after mating with intact BALB/c males (Fig. 4, C (Fig. 4, D 
and E). Small proportions ( 3%) of CD4 þ
CD25
À cells in both estrous and mated mice expressed the FOXP3 marker (Fig. 4, G and H reflect an increase in the Treg cell population, rather than activation and proliferation of other FOXP3 À CD4 þ cells. Hypertrophy of the para-aortic LN is characteristic of the immune response to early pregnancy, and depends on exposure to factors in the seminal plasma fraction of the seminal fluid [23] . To estimate the scale of effect of seminal fluid on the total size of the CD4 þ CD25 þ cell pool, the absolute number of CD4 þ CD25 þ cells in the para-aortic LN was calculated from flow cytometry data, factoring in the total number of cells recovered from LNs [23] (Fig. 6A ) and the proportion of total cells expressing CD4 (Fig. 6B) . Exposure to seminal fluid by mating with intact males increased the absolute number of CD4 þ CD25 þ cells by 2.7-fold (P , 0.001), while absolute CD4 þ CD25 þ cell numbers were unchanged after mating to vasectomized or SVX males compared with estrous values, and significantly less compared with the intact mated group (both P , 0.001) (Fig. 6C) .
DISCUSSION
Preventing development of maternal type 1 immunity to conceptus transplantation antigens is essential for pregnancy. Maternal T cells recognize and can respond to paternal MHC antigens, indicating the necessity for mechanisms to limit their effector function [1, 3] . Treg cells are implicated in this protective role [6] ; however, the factors regulating Treg cell abundance and function in pregnancy have not been elucidated. The current experiments demonstrate that generation of paternal antigen-specific tolerance in early pregnancy is initiated at the time of conception, when the female is first exposed to paternal alloantigens in the context of seminal fluid. Seminal fluid transmission activates a state of functional tolerance to paternal alloantigens, and this is associated with expansion of CD4 þ CD25 þ cell populations confirmed to be Treg cells by virtue of their expression of the signature Treg cell marker, FOXP3. Both the seminal plasma and the sperm components of seminal fluid appear to be necessary for maximum expansion of the Treg cell pool and for full expression of functional tolerance, but conceptus tissue is not required for this initial phase of the response. Additionally, the data suggest that there is a degree of male partner specificity in the female reaction to seminal fluid.
The current findings concur with published studies showing that seminal fluid influences the female immune response. Insemination causes hypertrophy of LNs draining the uterus [25, 26] . This is associated with expression of lymphocyte activation markers and cytokine expression, and is completely dependent upon factors present in seminal plasma [23] . Mated females or females administered whole seminal fluid to the uterine cavity show partner-specific hyporesponsiveness in type 1 immunity to male MHC antigens, demonstrated by prolonged survival of male skin grafts [25, 27] . Consistent with this, we reported preliminary observations that seminal fluid inhibits rejection of paternal tumor cells, even when conception is prevented by surgical ligation of the uterine-oviductal junction [28] . The current study extends these observations by showing the following in two mouse strains: seminal fluid exposure in the absence of conception is sufficient to activate functional tolerance in females; consistent tolerance induction requires exposure to seminal plasma of the same male strain as the paternal challenge; two functional measures of type 1 immunity-tumor graft rejection and DTH response-are inhibited by seminal fluid exposure; and Treg cells are potentially involved in suppressing these type 1 responses.
Challenge with paternal skin grafts and tumor cell grafts have been previously utilized to demonstrate functional SEMINAL FLUID REGULATION OF Treg CELLS tolerance to paternal MHC and other antigens in pregnancy [3, 25, 29] , but these assays can be variable in their specificity and sensitivity, depending on graft tissue expression of alloantigens and other tissue-restricted antigens. These factors presumably contributed to the quantitative differences in the results for the two strain combinations used in the tumor challenge experiments reported herein. Compelling evidence linking suppression of type 1 immunity with Treg-cell activity in pregnancy has now emerged [6, 30] , but the antigen specificity and dependence of Treg cells is difficult to study without reliance on in vivo functional assays, since reagents to distinguish gestational tissue-reactive Treg cells among the systemic Treg pool are not available.
Previous studies have alluded to the likely importance of gestational tissues as the source of antigens and immunedeviating signals for activating tolerance mechanisms [3] , including Treg cells [16] . However, the kinetics of expansion in CD4
þ CD25 þ Treg cell populations within days of mating [6] , and the necessity for Treg cell function prior to embryo implantation [19] , argues against their dependence on fetal alloantigens. Furthermore, since the preimplantation embryo comprises, at most, a few hundred cells encapsulated in the zona pellucida, antigen associated with the embryo before implantation would be insufficient and inaccessible.
A role for seminal fluid in activating the female Treg response provides an explanation for why functional tolerance and Treg cell expansion are evident even before the time of embryo implantation. Since T cells generally take several days to generate a robust response after stimulation, a Treg response initiated at the time of conception would allow protective suppression to manifest by the time the embryo implants 4 days later. Several of the same antigens are present in seminal fluid and later expressed from paternal genes by the conceptus [31] , including classical class Ia and nonclassical class Ib MHC antigens and minor antigens, such as H-Y [32, 33] . Therefore, Treg cells activated during the preimplantation period would exhibit protective suppression upon reencounter with MHC and other antigens expressed by fetal cells and placental trophoblast cells following embryo implantation [34, 35] .
The male partner specificity evident in both the tumor challenge and DTH assays suggests that antigen specificity is conferred by alloantigen in seminal fluid. Both somatic celland spermatozoa-associated MHC class I, as well as soluble MHC class I, is present in seminal fluid [32, [36] [37] [38] . The growth of tumors after challenge in some BALB.K mice after mating with males expressing third-party MHC suggests that antigens other than alloantigens might also be involved, and H-Y antigen or other unique differentiation antigens on the surface of spermatozoa could fulfill this role [39] . These antigens are present on non-sperm cells, such as desquamated epithelial cells in the seminal plasma fraction, as well as expressed at lower levels by sperm, and this could explain why seminal plasma in the absence of sperm was sufficient to allow acceptance of BALB/c tumor cell challenges in BALB.K mice after mating with vasectomized males. A greater dependence on seminal plasma than on sperm for Treg cell generation is also evident in the qualitatively greater reduction in absolute Treg cell numbers seen after seminal plasma-deficient mating compared with sperm-deficient mating.
Previous reports have concluded that both antigen-dependent and antigen-independent mechanisms contribute to controlling expansion of the Treg cell pool in early pregnancy, suggesting that Treg cells might arise through both activation and proliferation, and conversion of phenotypically distinct precursor cells. Ovariectomy and steroid hormone replacement experiments demonstrate that estrogen is responsible for þ cells (B), and absolute CD4 þ CD25 þ cells (C) in para-aortic LN of female B6 mice. Cells were recovered from unmated control mice at estrus (est), or from Day 3.5 pc females after mating with intact, vasectomized (vas) or SVX BALB/c males, and absolute numbers were calculated from the percent CD4 þ CD25 þ data shown in Figure 5A . Data are mean 6 SEM, with the number of mice in each group shown in parentheses. The effect of treatment was analyzed by ANOVA and post hoc Sidak t-test ( * P , 0.01, compared with estrus control group; # P , 0.01 compared with intact mated group).
eliciting an increase in CD4 þ CD25 þ Treg cell numbers and Foxp3 mRNA expression in the spleen, and in vitro experiments showed direct induction of Foxp3 in CD4 þ CD25
À cells by 17-b-estradiol [15] . Fluctuating estrogen levels likely explain the elevated Foxp3 mRNA expression, indicating accumulation of Treg cells in the uterus at estrus, potentially in response to estrogen-induced expression of chemokines that target the CCR5 chemokine receptor controlling Treg cell recruitment [17] . Our data, showing significantly increased numbers of CD4 þ CD25 þ cells in para-aortic LNs and mesenteric LNs at the estrous phase of the cycle, further support a role for estrogen, and suggest that these LNs, as well as the spleen, may contribute to generating an elevated circulating pool available for periodic Treg-cell recruitment into the uterus. Whether these cells are generated within peripheral lymphoid tissues or recruited via the circulation from the spleen, or perhaps the thymus, remains to be determined.
Similar to previous reports [6, 17, 40] , our study shows a relative increase in Treg cell numbers in LNs during the first 4 days of pregnancy and, importantly, demonstrates that this increase is significant even relative to nonpregnant mice timed for the estrous stage of the cycle. Thus, while cycle-associated fluctuations partly explain the elevated CD4 þ CD25 þ cell number in early pregnancy, the estrogen-regulated increase at the time of ovulation in not sufficient to explain the surge in Treg cell numbers during early pregnancy. This is consistent with other studies concluding a role for alloantigen-driven expansion in Treg cell numbers once pregnancy is initiated [16, 17] . Pregnancy-associated Treg cells appear to arise in peripheral tissues as opposed to the thymus, with several studies implicating the uterus draining para-aortic LNs as the predominant site of Treg pool expansion [6, 16] .
Our data clearly identify seminal fluid as the missing signal of early pregnancy acting to stimulate Treg cell pool expansion in readiness for embryo implantation. Female exposure to both the sperm and seminal plasma components of seminal fluid appears to be necessary. Mating events deficient in either sperm or seminal plasma failed to sustain the high levels of Treg cells seen in LNs and spleen after mating with an intact male, and cell numbers instead were comparable to those seen in nonovulatory phases of the cycle. Since ovarian hormone levels are functionally comparable at Day 3.5 pc, regardless of the presence of sperm and seminal plasma in the ejaculate [41] , these results discount the possibility that the ovarian hormone parameters of early pregnancy are sufficient to sustain high Treg cell numbers until the time of embryo implantation.
Collectively, these experiments suggest that the seminal fluid-driven expansion in Treg cell numbers is the mechanism underpinning the capacity of mated females to tolerate paternal tumor cell grafts. While this seems a likely proposal, we were not able to confirm a causal relationship by demonstrating any consistent reduction in tolerance of JR-5 cells after depletion of Treg cells by passive administration of anti-CD25 antibody to mated mice (data not shown). Thus, mechanisms in addition to Treg cells may contribute to suppression of type 1 immune responses after mating.
Like other antigen-specific immune responses, activation and proliferation of Treg cells requires an active process of antigen uptake, processing, and presentation of antigenic peptides by antigen-presenting cells (APCs). The female reproductive tract is well equipped to mount tolerogenic immune responses to seminal fluid antigens, since APCs are abundant in the endometrial tissue at the time of mating [42] [43] [44] . Indeed, seminal fluid has an active role in APC recruitment, with coitus eliciting a local inflammatory response in the female reproductive tissues [45] . Soluble factors in the plasma fraction of seminal fluid induce expression of proinflammatory cytokines and chemokines in epithelial cells lining the cervix and uterus, causing recruitment of macrophages, dendritic cells, and granulocytes, which accumulate in endometrial and decidual tissue [42] [43] [44] . These dendritic cells express markers indicative of a tolerogenic phenotype [46] , which would be maintained by the type 2 cytokine-dominated environment of the decidual tissue [47] .
Seminal plasma contains potent immune-regulatory molecules, including prostaglandins E (PGE) and transforming growth factor-b (TGFB) [48, 49] , both of which have been linked with generation of immune suppression mediated by regulatory cells [7, 8] . Naïve CD4 þ
CD25
À T cells differentiate into a suppressor T-cell phenotype and express FOXP3 when TGFB is present [50] . TGFB is also implicated in proliferation of mature Treg cells through modifying the function and signaling capabilities of dendritic cells [51] . PGE 2 may synergize with TGFB in this role, since in vitro experiments indicate that PGE 2 can enhance the inhibitory capacity of human CD4 þ CD25 þ Treg cells and induce a regulatory phenotype in CD4 þ CD25 À T cells [52] . We have utilized a T-cell receptor-transgenic model with OVA as a model paternal antigen to provide direct evidence that male antigens delivered in seminal fluid can activate an antigen-specific T-cell response in female mice. OVA delivered in the ejaculate was found to activate and elicit proliferation of adoptively transferred CD4 þ and CD8 þ OVAspecific T cells specifically within para-aortic LNs draining the uterus, and female dendritic cells were required to activate the response [53] . This demonstrates the feasibility of uptake of seminal fluid antigens by uterine dendritic cells and crosspresentation to T cells in para-aortic LNs after mating.
The extent to which Treg cells arise from differentiation of naïve CD4 þ T cells, or, alternatively, from proliferation of existing Treg cells, and the role of antigen in either pathway, remains to be determined. The effect of successive exposures to paternal antigens through multiple matings, or previous pregnancy, warrants examination to investigate whether these events progressively enlarge the paternal antigen-reactive Treg pool. Another unanswered question is the physiological significance of the seminal fluid-driven expansion in the Treg pool for successful pregnancy. Embryo transfer studies will be required to evaluate whether it is essential or simply a facilitating mechanism to boost suppressive activity prior to the sustained immune-regulating function of placental tissue taking effect. The success of artificial insemination with diluted semen or washed sperm, as well as embryo transfer in mice and other species, clearly shows that successful pregnancy can occur without a natural mating at the outset, although there is mounting evidence that assisted reproductive technologies are associated with suboptimal reproductive outcomes [54] , and lack of seminal fluid conditioning of the female immune response may partly account for this [55] . In mice, embryo transfer generally employs recipients mated to vasectomized males, but fetal loss and abnormality is considerably greater when embryos are transferred without recipient exposure to male fluids [56] . When recipient females are mated with seminal vesicle-deficient males, transferred embryos give rise to fetuses with impaired growth trajectories and placental development [57] . In rats, implantation rates and fetal growth are similarly impaired unless females are inseminated prior to embryo transfer [58] .
The prospect of Treg cell regulation by seminal fluid has implications for human reproductive health. In women, seminal fluid elicits inflammatory cytokine expression in cervical SEMINAL FLUID REGULATION OF Treg CELLS epithelial cells [59] and, in vivo, causes recruitment of APCs into the ectocervical epithelium (Sharkey and Robertson, unpublished results). Although, to date, there are no studies on the effects of intercourse on Treg cells in women, clinical studies indicate that there may be both acute and cumulative effects on fertility of exposure to seminal constituents, and implicate a partner-specific mode of action. Live birth rates in couples undergoing in vitro fertilization treatments are significantly improved when intercourse occurs around the time of embryo transfer [60, 61] , and administration of seminal plasma may increase pregnancy rate in women experiencing recurrent spontaneous abortion [62] . In the condition of preeclampsia, which results from a type 1-dominated immune response linked with insufficient Treg cell activity [63, 64] , there is a protective benefit of exposure to semen over time [65, 66] . Markedly increased rates of pre-eclampsia are evident in pregnancies with donor oocytes or semen [67] , when prior exposure to the donor sperm or conceptus antigens has not occurred. Primary unexplained infertility is also associated with reduced expression of FOXP3 mRNA [68] , but whether seminal fluid exposure can alter endometrial Treg cell populations is unknown.
In summary, this study shows that exposure to seminal fluid at mating is necessary and sufficient for conferring maximal immune tolerance at the time of embryo implantation in mice. Seminal fluid appears to act through providing antigen and cytokine signals to further expand populations of Treg cells potentiated by estrogen at the time of ovulation. This finding reinforces a function for seminal fluid beyond simply providing a vehicle to deliver sperm for fertilization, and adds further complexity to its emerging role in signaling physiological changes that prepare the female reproductive tract for embryo implantation [45] . A better understanding of the key antigens and immune-deviating components of seminal fluid and their mode of action in the female will be of utility in designing new therapeutic agents for treating infertility and subfertility in women, and for promoting reproductive competence in animals.
